Iron deficiency anemia is a common complication of chronic kidney disease (CKD). CKD patients suffer from both absolute and functional iron deficiency. Absolute iron deficiency is defined by severely reduced or absent iron stores, while functional iron deficiency is defined by adequate iron stores but insufficient iron availability for incorporation into erythroid precursors. This is due to increased levels of hepcidin. Anemia in CKD is associated with an increased risk of morbidity and mortality. The association between anemia and mortality may be related to the severity of anemia. All CKD patients should be screened for anemia during the initial evaluation for CKD. Criteria used to define iron deficiency are different among CKD compared to normal renal function. Among CKD patients, absolute iron deficiency is defined when the transferrin saturation (TSAT) is ≤20% and the serum ferritin concentration is ≤100 ng/mL among predialysis and peritoneal dialysis patients or ≤200 ng/mL among hemodialysis patients. Functional iron deficiency, also known as iron-restricted erythropoiesis, is characterized by TSAT ≤20% and elevated ferritin levels. Iron supplementation is recommended for all CKD patients with anemia. There is general agreement according to guidelines that intravenous (i.v.) iron supplementation is the preferred method for CKD patients on dialysis (CKD stage 5D) and either i.v. or oral iron is recommended for patients with CKD ND (CKD stages 3-5). In this review we discuss the evidence base for these recommendations.
Iron is a vital element in human metabolism. Due to its unique ability to act both as an electron donor (in its ferrous state) and as an electron acceptor (in its ferric state), iron plays an imperative part in cellular respiration as well as oxygen transport and storage. However, due to its ability to receive and transfer electrons, iron can cause severe oxidative stress and tissue damage [1] . As iron has an essential role in both energy metabolism and damaging potential, its absorption, transfer, and metabolism are tightly regulated. The regulation of iron is done mainly by adjusting absorption [2] . This is due to the fact that the ability of the body to secrete iron is negligible [2] .
Iron is also recycled within the body as senescent red blood cells are phagocytosed by reticuloendothelial macrophages and their iron content is either used for hematopoiesis if needed or stored for further use. Regulation of iron metabolism is mediated, mainly, by hepcidin, a small peptide hormone (25 amino acids) which is synthesized and secreted by the liver [3] . Hepcidin prevents iron transport by binding to the iron transporter ferroportin which is located on the basal membrane of enterocytes, reticuloendothelial cells, and hepatocytes. Hepcidin binding causes internalization of ferroportin from the plasma membrane into the cell and its ultimate degradation [4] . As a result, in the presence of hepcidin, iron is not absorbed or recycled from the reticuloendothelial cells and circulating iron levels are reduced. Hepcidin levels are controlled by multiple stimuli including: iron stores [5] , hypoxia [6, 7] , inflammation [8] , and erythropoiesis [9] . Since hepcidin is a small hormone peptide, it is filtered and degraded by the kidney. Hepcidin levels are increased in chronic kidney disease (CKD) and negatively correlated with the glomerular filtration rate (GFR) [10, 11] . The mechanisms responsible for this phenomenon in CKD include a reduced renal clearance, increased inflammatory cytokines, and reduced erythropoietin levels [12] [13] [14] .
In addition, CKD patients have an absolute iron deficiency. This can arise from an increased rate of blood loss during dialysis [15] . The frequent phlebotomies, and blood remaining in the dialysis tubing, contribute to iron loss [16] . The high rate of iron loss (1-3 g/year) is also due to gastrointestinal bleeding from the combination of gastritis and platelet dysfunction [17] . This is common in both dialysis-and non-dialysis (ND)-dependent CKD [18] . Decreased gastrointestinal iron absorption and malnutrition contribute as well.
Due to the combination of reduced iron absorption and increased iron losses, iron deficiency is common among CKD patients who are both ND and dialysis dependent.
The following 2 forms of iron deficiency are recognized: absolute (true) iron deficiency and functional iron deficiency. Absolute iron deficiency is defined by severely reduced or absent iron stores in bone marrow, liver, and spleen. Functional iron deficiency is defined by normal or increased total body iron stores which are unavailable for incorporation into erythroid precursors for erythropoiesis [19] . Functional iron deficiency is mainly due to increased levels of hepcidin which reduce the ability to recruit iron stores from reticuloendothelial cells and hepatocytes for erythropoiesis.
Outcomes of Iron Deficiency Anemia in CKD
Anemia in CKD has been shown to be associated with an increased risk of morbidity and mortality [20] [21] [22] [23] . In a large observational study, 27,998 patients with CKD were followed up for approximately 5.5 years [20] . The authors reported a higher baseline prevalence of anemia in patients who died than in those who survived (as well as a higher prevalence of coronary artery disease, congestive heart failure, and diabetes mellitus). Furthermore, the increase in the prevalence of anemia over the observation period was greatest in those who died despite a shorter period of observation.
The high rates of heart disease and anemia in those who died suggest that anemia accelerates the progression of heart disease and increases the risk of death. However, anemia may be a marker for severity of CKD rather than a causative factor [20] .
A retrospective cohort study among patients with incident CKD who had hemoglobin (Hb) measurements, in a large health maintenance organization administrative data set, evaluated 5,885 patients [24] . Anemia was found to be a predictor of excess mortality, excess cardiovascular hospitalizations, and excess end-stage renal disease (ESRD). For those with the most severe anemia (Hb < 10.5 g/dL), there was an increased rate of mortality (HR 5.27; 95% CI 4.37-6.35), cardiovascular hospitalizations (HR 2.18; 95% CI 1.76-2.70), and ESRD (HR 5.46; 95% CI 3.38-8.82) when compared to those who were not anemic.
The association between anemia and mortality was also shown to be related to the severity of anemia in a historical prospective cohort of 853 patients with CKD stage 3-5 who were predialysis. Hb values were collected longitudinally over a median follow-up of about 2 years. A time-averaged Hb (< 11 g/dL) was associated with increased mortality (HR 2.06; 95% CI 1.35-3.13), compared to the group with a time-averaged Hb of more than 13 g/ dL [21] . Even those with a time-averaged Hb of 11-12 g/ dL had a significantly higher HR for mortality (HR 1.8; 95% CI 1.23-2.63) compared to the group with a timeaveraged Hb of more than 13 g/dL. Lower time-averaged Hb levels also correlated with a statistically significant increased risk in the composite end point of predialysis mortality and ESRD as follows: HR 2.57 (95% CI 1.85-3.58) for Hb < 11 g/dL, HR 1.97 (95% CI 1.45-2.66) for Hb < 12 g/dL, again, compared with Hb > 13 g/dL.
Anemia in CKD may be frequently associated with a reduced quality of life (QoL) [25] . In a study that examined the relationship between Kidney Disease Quality of Life (KDQofL) questionnaire domains and Hb levels DOI: 10.1159/000496492 in 1,200 patients with stage 3, 4, and 5 CKD, higher Hb levels were associated with improved QoL domains of the KDQofL questionnaire. The most dramatic improvements in the various QoL domains occurred between the groups with Hb < 11 g/dL and Hb of 11-12 g/ dL [25] .
Definitions and Diagnosis of Iron Deficiency in CKD Patients
CKD may be associated with either absolute or functional iron deficiency. Functional iron deficiency may be related to the administration of erythropoiesis-stimulating agents (ESA) which rapidly increases erythropoiesis. In this situation, total body iron stores are adequate, but iron release from stores into the circulation is not rapid enough to provide sufficient iron to support the increased erythropoietic rate driven by the ESA. In addition, in CKD, concomitant anemia of chronic disease (iron-restricted erythropoiesis) is often present, which is related to an underlying inflammatory state [26] and mediated partly by hepcidin, the levels of which were found to be increased in CKD [10, 12] .
It is difficult to determine whether functional iron deficiency is related to ESA or to anemia of chronic disease with an "inflammatory block" of available iron.
All CKD patients, particularly those with an estimated GFR (eGFR) < 60 mL/min/1.73 m 2 , should be screened for anemia on initial evaluation for CKD. Anemia is defined as Hb < 13 g/dL in men and Hb < 12 g/dL in women, according to WHO criteria [27] . These thresholds are accepted by 2012 Kidney Disease: Improving Global Outcomes (KDIGO) guidelines [28] . The European Renal Best Practice (ERBP) position statement suggested adapting these thresholds to the European population [29] . They suggest that a diagnosis of anemia should be made and further evaluation should be undertaken when Hb concentrations are < 13.5 g/dL in adult males (13.2 g/dL in men > 70 years) and < 12.0 g/dL in adult females.
Measurement of the following parameters is commonly used to identify iron deficiency: serum iron, total iron-binding capacity, ferritin, and transferrin saturation (TSAT = plasma iron divided by the total iron-binding capacity × 100).
The laboratory criteria used to define iron deficiency and provide indication for treatment are different in CKD compared to normal renal function [30] . In CKD, absolute iron deficiency is likely to be present when the TSAT is ≤20% and the serum ferritin concentration is ≤100 ng/ mL among predialysis and peritoneal dialysis (PD) patients or ≤200 ng/mL among patients undergoing hemodialysis. By comparison, with normal kidney function, iron deficiency anemia is typically defined as serum ferritin concentrations < 30 ng/mL.
Functional iron deficiency, both ESA-induced functional deficiency and anemia of chronic disease are usually characterized by TSAT ≤20% and elevated ferritin levels (as high as 800 ng/mL) [29, 30] .
The percentage of hypochromic red blood cells (HRC) and the reticulocyte Hb content (CHr) estimate the Hb content of red blood cells rather than the amount of storage iron, providing a snapshot of recent iron availability for Hb synthesis which acts as a sensitive indicator of functional iron deficiency and are possibly better than TSAT and ferritin in predicting whether or not there will be a response to iron administration. A meta-analysis performed for the 2016 UK-based National Institute for Health and Care Excellence (NICE) guidelines demonstrated that HRC > 6% predicted who would respond to iron (as well as TSAT < 20% and ferritin < 100 ng/mL) [31] . NICE guidelines recommend that iron deficiency be diagnosed using HRC or CHr. The cut-offs recommended for diagnosing iron deficiency are CHr < 29 pg and HRC > 6%. Importantly, neither the percentage of HRC nor CHr differentiate between functional and absolute iron deficiency.
According to the KDIGO guidelines, regular testing for anemia is not routinely recommended [28] . The Hb concentration should be measured only when clinically indicated, or at least annually in CKD stage 3, twice per year in CKD stage 4-5 ND cases, or every 3 months in CKD stage 5D (dialysis). There is no specific recommendation for transplanted patients.
In CKD with anemia not being treated with an ESA, the recommendation is to measure the Hb concentration only when clinically indicated, at least every 3 months in CKD stage 3-5 ND and CKD stage 5 PD, and monthly in CKD stage 5 hemodialysis.
Treatment of Iron Deficiency Anemia in CKD ND
Iron supplementation can be administered either orally or intravenously (i.v.). Oral iron is less expensive and easier to administer. However, i.v. iron enables the administration of larger doses of iron rapidly and is better tolerated [32] . i.v. iron is superior to oral iron in achieving a sustained Hb response, reducing the need for Acta Haematol 2019;142:44-50 DOI: 10.1159/000496492 blood transfusions and improving QOL in CKD [29, 33, 34] .
The KDIGO, the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative (KDOQI), and the anemia working group of the ERBP [28, 29, 33] recommend iron supplementation in CKD with anemia and absolute or functional iron deficiency. While cut-off ferritin and TSAT levels for iron replacement initiation vary among these guidelines, there is general agreement on i.v. iron supplementation for CKD on dialysis (CKD stage 5D) and either i.v. or oral iron for CKD ND (CKD stages 3-5).
According to KDIGO guidelines, for adults with CKD and anemia who are not on iron or ESA therapy, a trial of i.v. iron is suggested (or in CKD ND alternatively a 1-to 3-month trial of oral iron therapy). This is suggested if an increase in Hb concentration without starting ESA treatment is desired (based on symptoms and overall clinical goals, including avoidance of transfusion, improvement of anemia-related symptoms, and after exclusion of active infection) and TSAT is ≤30% and ferritin is ≤500 ng/mL (grade of recommendation: 2C). For adults with CKD on ESA who are not receiving iron supplementation, a trial of i.v. iron is recommended (or in CKD ND alternatively a 1-to 3-month trial of oral iron therapy) if an increase in Hb concentration is desired or a decrease in ESA dose is desired and TSAT is ≤30% and ferritin is ≤500 ng/mL (2C) [28] .
The KDOQI commentary group reviewed these KDI-GO recommendations and suggested that they may be too cautious regarding the use of i.v. iron [34] .
The EBRP anemia group position statement suggests for the European population with CKD that adults with CKD with anemia who are not on iron or ESA therapy receive iron therapy. Iron should be either frontline oral iron, if tolerated, in ND-CKD, especially in CKD stage 2-3, or in PD with an immediate switch to the i.v. route if not. This is suggested if there is an absolute iron deficiency (TSAT < 20% and serum ferritin < 100 ng/mL) or if an increase in Hb concentration without starting ESA treatment is desired and TSAT is < 25% and ferritin is < 200 ng/mL in ND-CKD and ferritin is < 300 ng/mL in dialysis. The limit of TSAT of 30% and that of serum ferritin of 500 ng/mL should not be intentionally exceeded [29] .
The NICE guidelines suggest using oral iron for individuals who are not on ESA and offering i.v. iron to those who do not tolerate oral therapy or do not reach targets within 3 months. For those receiving ESA the i.v. route is preferred [31] .
At the time of the KDIGO guideline publication, data showing a greater efficacy of i.v. iron compared to oral iron in CKD ND were more limited. Since then, numerous randomized controlled trials (RCT) favoring i.v. iron for the treatment of iron deficiency in CKD have been published.
In a meta-analysis of RCT comparing i.v. versus oral iron supplementation for the treatment of anemia in CKD conducted by our group in 2008, thirteen trials were included but only 6 were CKD ND trials [35] . With CKD, there was a small but significant difference in Hb concentration favoring the i.v. iron group. This meta-analysis was updated in 2016 [36] , with 24 trials included, 13 of which were in the CKD stage 3-5 ND population. The 13 CKD stage 3-5 ND trials were heterogeneous with regard to inclusion criteria. The Hb threshold criteria ranged from < 8 to < 12 g/dL, the TSAT threshold criteria was either < 20 or 25 or 30% and the ferritin threshold ranged from < 100 to < 600 ng/mL. Subsequently, trials of both functional and absolute iron deficiency were included. Accordingly, the baseline hematologic parameters varied: Hb concentrations varied from 5.8 ± 0.6 to 11.9 ± 0.7 g/ dL, baseline ferritin levels varied from 57.3 ± 48.6 to 345 ± 273 ng/mL, and baseline TSAT varied from 15.4 ± 5.5 to 63.6 ± 11.1%.
The total administered i.v. iron dose reported in the trials ranged from 600 to 3,600 mg, with a median of 1,000 mg. The i.v. iron schedule varied between trials. The most common schedules was a dose of 100-200 mg every 1-2 weeks for the older iron formulations (iron sucrose and iron gluconate) or 500-1,000 mg 1-2 times for the newer iron preparations (ferric carboxymaltose and ferrumoxytol). The results of the meta-analysis of 5 trials reported that when CKD ND was treated with i.v. iron, achievement of an Hb response > 1 g/dL, with risk ratios (RR) of 1.61 (95% CI 1.39-1.87), was more likely to occur. Benefits from i.v. iron across all of the examined subgroups were observed, according to baseline Hb (< 10 or > 10 g/ dL), baseline ferritin (< 100 or > 100 ng/mL), and baseline TSAT (< 15% or > 15%) values. Subgroup analysis showed that the benefit of i.v. iron was similar for the different iron formulations used (iron sucrose, ferric carboxymaltose, and ferrumoxytol).
The safety analysis was pooled for all trials (CKD and dialysis). All-cause mortality did not differ between those who received i.v. versus oral iron replacement (RR 0.94; 95% CI 0.55-1.63; 16 trials; 2,612 patients). There was also no difference in the rate of any adverse events, serious adverse events, or infections [36] .
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Similar safety results were shown in a recent comprehensive meta-analysis which included 103 trials and 14,434 patients, in which i.v. iron was compared to oral iron in many different clinical settings. i.v. iron has a safety profile comparable to that of oral iron, with the same rate of serious adverse events and bacterial infections, more infusion reactions, and fewer gastrointestinal side effects [37] .
Observational analyses in CKD ND have also suggested potential benefits of initiating i.v. iron therapy prior to dialysis onset. A prospective study, based on the Taiwan National Health Insurance Research Database, included 31,971 adult patients who had a serum creatinine level > 6 mg/dL and a hematocrit level < 28% and who were treated with ESA. It was found that patients who were treated with ESA and initiated i.v. iron supplementation had a lower risk of all-cause death than those who did not receive iron. In this study, the risk of hospitalization was also lower, although the risk of faster progression to ESRD was higher [38] .
Thus, we believe that the benefit of i.v. iron outweighs the risks in CKD, and i.v. iron is the preferred route of administration in ND-CKD.
Treatment of Iron Deficiency Anemia in Dialysis CKD-5D
CKD patients who are treated with dialysis are especially vulnerable to iron deficiency anemia, due to blood retained in the dialysis machine and tubes (as high as up 2 g of iron per year) [39, 40] .
In contrast to CKD stage 3-5, for which KDIGO clinical practice guidelines allow a trial of oral iron before starting i.v. iron, these guidelines are very clear regarding therapy for CKD-5D, stating that patients with CKD-5D with anemia should be treated with i.v. iron [28] . This unequivocal recommendation was adopted by the KDO-QI [33] , the NICE [31, 41] , and the EBRP position statement [29] and it was based on several RCT and a metaanalysis involving hemodialysis patients in whom a greater increase in Hb was achieved with i.v. iron compared to oral iron, regardless of ESA treatment [28, 35, 36] . The convenience of having a venous access for i.v. iron treatment further supports the choice of an i.v. route.
The guidelines were published in 2012 and 2013, and since then additional studies addressing this subject have been conducted and published, further supporting the use of i.v. iron in CKD-5D. In the meta-analysis by our group, which was previously mentioned, 11 trials with 818 CKD-5D patients (in addition to another 2,369 patients with CKD stage 3-5) were included. It showed that i.v. iron treatment is more likely to achieve a response > 1 g/dL Hb. There were no significant differences regarding mortality or adverse effects [36] .
Data regarding patients undergoing PD (CKD-5PD) are scarce and therefore there are no one clear recommendations. KDIGO considers the available evidence strong enough to prove the superiority of the i.v. route in this population, whereas KDIGO and EBRP suggest an initial oral treatment [29] .
The recommended treatment is an initial loading dose of 1,000 mg of i.v. iron (with repeated loading doses until the Hb level rises), followed by maintenance treatment which consists of smaller, regularly administrated, i.v. iron.
When the ferritin level exceeds 500-800 ng/mL, the safety of further iron treatment is still a matter of debate due to the lack of reliable data. Most studies were small and retrospective, yet they showed an association with increased mortality [42] . Other studies, including an RCT of CKD hemodialysis (CKD5-HD) patients (i.e., the DRIVE study [43] ), did not show that effect. Current KDIGO guidelines recommend not administering additional i.v. iron for ferritin levels consistently > 500 ng/mL.
Most recently, Macdougall el al. [44] conducted a prospective RCT (the PIVOTAL trial) which included 2,141 CKD5-HD patients, who were randomized to either high-dose i.v. iron (400 mg monthly, as long as the ferritin level was < 700 ng/mL and TSAT was < 40%) versus a low dose (0-400 mg, only when the ferritin level was < 200 ng/mL or TSAT < 20%). The cumulative doses of i.v. iron were greater in the high-dose group than in the low-dose group. At 1 year, those in the high-dose group had received a median of 2,000 mg (95% CI 1,900-2,100) more iron than those in the low-dose group. The median monthly dose of iron was 264 mg (IQR 200-336) in the high-dose group compared to 145 mg (IQR 100-190) in the low-dose group. Thus, patients in the high-dose group received approximately twice the amount of iron as those in the low-dose group over the first year of the trial and 83.5% more iron per month over the course of the trial.
The results show that the proactively administered, high-dose iron was noninferior to the use of a low-dose i.v. iron regimen administered reactively and was not associated with a higher risk of death, major adverse cardiovascular events, or infection. Moreover, high-dose iron allowed a decrease in ESA dosages, the number of blood transfusions, and hospitalizations for heart failure. In conclusion, iron deficiency anemia is a common complication of CKD patients. Absolute iron deficiency in CKD patients is commonly defined when TSAT is ≤20% and the serum ferritin concentration is ≤100 ng/ mL among predialysis and PD patients or ≤200 ng/mL among hemodialysis patients. Guidelines suggest treatment with i.v. iron in patients on dialysis and either i.v. iron or a trial with oral and then i.v. iron in non-CKD patients. This is based on RCT and meta-analyses demonstrating efficacy with i.v. iron in terms of hematopoietic response and safety.
